The K&C material model, which was originally developed for the structural response 13 subjected to blast loadings, is modified to improve its numerical prediction capability for cratering 14 and scabbing phenomena in concrete slabs subjected to projectile impact. Four modifications are 15 made for the parameters of the strength surfaces, the dynamic increase factor for tension, the 16 relationship between yield scale factor and damage function, and the tensile damage accumulation. 
Introduction 29
When a concrete slab is subjected to projectile impact, cratering and scabbing phenomena 30 are frequently observed on its impact and distal surfaces, respectively [1] [2] . Cratering involves in 31 the compressive stress wave propagation in the target, the reflected tensile stress wave on the 32 impact surface of the slab and the associated material failure [3] . Scabbing is caused by the 33 reflected tensile stress wave on the distal free surface. Numerical analyses of cratering and 34 scabbing in concrete slabs subjected to projectile impact [3] [4] [5] [6] [7] [8] have showed that the tensile 35 strength, strain softening, fracture energy, and strain-rate effect on the tensile strength in a 36 concrete model can greatly influence the accurate modeling of cratering and scabbing 37 phenomena. 38 Tu and Lu [9] reviewed and evaluated several popular concrete models in commercial 39 hydrocodes, in which the Holmquist-Johnson-Cook concrete model (HJC model) has been widely 40 accepted for penetration studies because HJC model is valid mainly under the stress states 41 dominated by compression [10] which happens in the penetration process. For the stress states 42 dominated by tension, The HJC model uses the elastic, perfectly plastic constitutive equation, 43 which is independent of fracture energy. Further modifications of the HJC model focused mainly 44 on the compressive behavior [11] and the strain-rate effect [11] [12] . Therefore, the HJC model andabove-mentioned modified HJC models are not suitable for the tension-dominated phenomena, 46 e.g. cratering and scabbing. Huang 
where J 2 is the second deviatoric stress invariant. r is the ratio of the current meridian to the 154 compressive meridian.  is the yield scale factor related to the damage function which is 155 determined by, 156 values for compression and tension with considering different damage evolutions of concrete. The 160 yield scale factor  follows a general trend, i.e., it varies from zero to unity when the current failure 161 surface changes from the initial yield strength surface to the maximum strength surface 162 corresponding to the strain hardening stage, and it varies from unity to zero when the current failuresurface changes from the maximum strength surface to the residual strength surface corresponding 164 to the strain softening stage. It should be noted that no accumulative plastic strain occurs when the 165 stress path is close to the triaxial tensile path where stress deviators approach zero. Consequently, 166 both the damage function  and the yield scale factor  remain zero, which cannot represent the 167 actual situation. To overcome this problem, a volumetric damage scalar related to pressure was 168 introduced [17], which will not be repeated here. 169
To account for the strain-rate effect, the current failure surface and the damage function 170
were modified as follows,
where r f is the dynamic increase factor (DIF), which was defined separately for compression and 173 tension, since experimental data showed that DIF for tension is much higher than that for 174 compression. The determination of DIF will be discussed further in Section 2. proposed from curve-fitting the data shown in Fig. 3 For the determination of the residual strength surface parameters, the residual strength from 214 triaxial compression experiments is needed, which, however, is difficult to find in the relevant 215 literatures. Noting that the residual strength surface should be parallel with the maximum strength 216 surface for high pressure, the residual strength surface parameters are proposed as follows, 217
concern is the accuracy of the automatically generated EOS parameters discussed below. For the 220 EOS of concrete material, the available experimental data is limited. The isotropic compression 221 data from Hanchak et al. [1] 
Modified DIFt 230
A previous study [8] showed that the dynamic increase factor for tension (DIFt) has a strong 231 influence on the cratering and scabbing damage of concrete slabs subjected to projectile impact. 232
Therefore, an accurate relationship between DIFt and strain-rate is essential. Numerical analysis 233 agreement with the test data, and therefore, is used in the present study, i.e., 241 
Modified tensile damage accumulation 282
A typical load-displacement curve for uniaxial tension is shown in Fig. 7(a) where  is the 283 deformation of the fracture zone and F is the tensile force. The subscripts m and frac denote the 284 corresponding quantities at the maximum strength and fracture, respectively. It should be pointed 285 out that  cannot be represented by the total displacement in a uniaxial tension test as the 286 fracture occurs in a localized zone. A previous study [16] showed that  is in the order of 0.1 287 mm. 288
In order to determine the relation between stress and strain that is necessary for material 289 model, a relation between the deformation  and the tensile strain  must be assumed. 290
Following the assumption made in [16] , in which  is defined as / frac l  , the corresponding 291 stress-strain curve can be obtained, as shown in Fig. 7(b) , where l frac denotes the length of the 292 fracture zone (crack width) [16] over which the microcracks are assumed to be uniformly spread. In FE-simulations, l frac is always related to the characteristic length of the element h c , which 308 can be approximated by the cube root of the volume of an element in a 3-D analysis [7] . 309
Previously, l frac =h c was always used [7, 8] based on the assumption that the tensile fracture occurs 310 in one element, as shown in Fig. 8(a) . However, for the accurate simulations of cratering and 311 scabbing phenomena, h c is usually needed to be smaller than l frac , which means that the fracture 312 occurs in several elements, as shown in Fig. 8(b) . Consequently, the element of size h c will 313 where els is a constant related to the length of fracture zone and the static fracture energy. 347
According to Eq. (15), the tensile damage accumulation for the strain hardening stage is the same 348 as that in the original K&C model while a modification is made for the strain softening stage. 349
Considering the elastic strain limit is relatively small, to a constant when n approaches to an infinite value. In addition, as shown in Eq. (15), the 367 proposed tensile damage model does not affect the compressive strain softening stage, which may 368 be more suitable than the original K&C model. In order to further gain insights into the modified 369 tensile damage accumulation, dynamic tensile stress-strain curves for 50MPa concrete under 370 different strain-rates are calculated. The static fracture energy is assumed to be 85 N/m which is 371 the same as the automatic generated one in the original K&C model. The length of fracture zone 372 is assumed to be equal to the side length of the cubic element (10mm). Using Eqs. (18-19) , els 373 and frac  are obtained as 1.15 and 0.01, respectively. As will be discussed in Section 4.1, the 374 parameter n has limited influence on the scabbing simulation results when it is larger than 100 375 where the tensile stress approaches zero. Consequently, it is set as 100. The predicted stress-strain 376 curves at different strain-rates are shown in Fig. 9, where The predicted stress-strain curves for biaxial and triaxial tensions are also of interest and 386 shown in Fig. 10 . For the biaxial tension, it is found that, the strain softening using the original 387 K&C model is almost linear, which does not give a good prediction. For the triaxial tension, The original K&C model has total 48 parameters, which can be generated automatically 397 using the unconfined compressive strength if this function is opted. This is an attractive feature 398 for engineering applications and case studies. It is worth pointing out that this attractive feature is 399 also available in the modified K&C model, which has total 23 parameters that can all be 400 calculated for a given f c according to the above-mentioned approaches. , f c in MPa unit), G f is found to be 140N/m for f c =41MPa. Since the length of the 468 fracture zone is absent in this experiment, it is assumed to be the maximum diameter of aggregate 469
[17], i.e., 10mm. Consequently, els can be obtained using Eq. (18). Other constants are obtained 470 from the automatically generated method in the original K&C model. 6.14e-10 Pa The predicted acceleration, velocity and displacement of the projectile and the 498 corresponding experimental data for shot No. 1-1 are shown in Fig. 13 . The acceleration during 499 the perforation was recorded using the newly developed small-caliber accelerometer, which was 500 proved to be accurate and robust [2] . By integrating the acceleration-time curve, the velocity-time 501
and displacement-time of projectile can be obtained. It is found that both the original and modified 502 K&C models have good agreements with the test data, as they are mainly governed by the 503 compressive behavior of concrete material. 504 The dynamic tensile behavior of concrete material, which is crucial for the correct modeling 511 of cratering and scabbing phenomena, is governed by six parameters in the modified model, i.e., 512 from original and modified K&C models is mainly in the strain softening region, the influence of 514 parameter b 2 , which governs the strain hardening, on the predicted cratering and scabbing sizes 515 should be small, and therefore, will not be discussed further. Sensitivity analyses of other five 516 parameters, i.e., G f , l frac , T, n and DIFt, are carried out by varying one parameter by ±25 and ±50 517 percentages while other parameters are fixed. It should be noted that the purpose of parametric 518 studies is not to compare the simulation results with the corresponding experimental results, but to 519 investigate the influence of each individual parameter on cratering and scabbing phenomena. In 520 order to save computational time, the simulation from Section 3. simulations, it is found that the failure modes are always similar for the values of l frac examined, 537 and thus, the simulation pictures are not presented. It can be found that the cratering and scabbing 538 sizes increase with the increase of l frac . This is due to the fact that the increase of l frac leads to the 539 decrease of energy absorption capability in an element, i.e. each element of size hc dissipates a 540 fracture energy of (hc/ l frac )Gf since the fracture energy is assumed to be dissipated uniformly over 541 the length of the fracture zone (l frac ). 542 
Influence of parameter T 545
The influence of T on cratering and scabbing sizes is found to be evident, as shown in Fig.16 . 546
Even though the fracture energy is hold constant, the predicted cratering and scabbing sizes 547 decrease with the increase of T since the yield surface enlarges with the increase of T. 548 observed that the cratering and scabbing sizes do not increase monotonously with the increase of n. 553
On one hand, the increase of n results in the decrease of els according to Eq.(19). Meanwhile the 554 decrease of els could be linked to either the decrease of G f or the increase of l frac or T according to 555
Eq.(18). The decrease of G f or the increase of l frac (and thus the decrease of els) leads to the increase 556 of the cratering and scabbing sizes. On the other hand, the change of T will lead to the change of both els and 557 the yield surface, i.e. an increase of T will cause a decrease of els, making the cratering and scabbing sizes larger,
558
and meanwhile an increase of T will cause an enlargement of the yield surface, making the cratering and scabbing 559 sizes smaller. The overall changes of the predicted cratering and scabbing sizes reflect the competing of these two 560 mechanisms.
561
However, the cratering and scabbing sizes, especially the scabbing size, are not very sensitive 562 to parameter n when it is larger than 100. This is due to the fact that the dynamic tensile stress 563 approaches to zero when n reaches a relative large value, beyond which the contribution of 564 dynamic stress-strain curve to the fracture energy is minor, as observed in Fig. 9 . Therefore, 565 without invoking the complex calibration of tensile failure parameters, the proposed erosion 566 criterion with t  >100 m can be further used to describe other tensile-dominated failure 567 phenomena, such as the spallation of concrete slab subjected to blast loadings. 568 
Influence of DIFt 571
The influence of DIFt on cratering and scabbing phenomena is also found interesting. 
Conclusions 586
The original K&C concrete model was modified and applied to simulate cratering and 587 scabbing phenomena in concrete slabs subjected to projectile impact. The main contributions and 588 findings are, 589
(1) Based on a large amount of triaxial compression data, the new strength surfaces 590 parameters for K&C model were proposed. 591 (2) A new relationship between the yield scale factor  and the damage function  was 592 presented, which is more convenient and accurate than the original K&C model. 593 (3) Based on the experimental observation that the fracture strain is a constant and the 594 fracture energy increases with the increase of strain-rate for high strain-rate, a new tensile damage 595 accumulation formula relevant directly to the static fracture energy and fracture zone length was 596 established. 597 (4) A new tensile failure erosion criterion was proposed and validated by comparing with 598 projectile perforation test data and parametric study. 599 (5) Based on several sets of projectile perforation experiments into concrete slabs with 600 varying projectile impact velocity and concrete slab thickness, advantages of the modified K&C 601 model for the simulations of cratering and scabbing phenomena were demonstrated. 602 (6) It was found that the scabbing size is sensitive to els and DIFt. 603
